Grain sorghum (Sorghum bicolor L. Moench) along the upper Texas Gulf Coast is planted at different row spacings, plant populations, and hybrids according to grower preference and location. This study was conducted over a 3-year period (DK) 54 generally produced higher yields than Asgrow (A) 571 on the 51 cm row spacing. In 2002, no differences in grain sorghum yield were found when comparing both hybrids, plant populations, or row spacing with the exception of A 571 planted at 148,000 plants/ha on 102 cm centers which resulted in a yield reduction of at least 25%. When net returns were compared regardless of year or rainfall received, net dollar value per hectare tended to be higher for the 51 cm row spacing, especially with A 571.
Introduction
Hybrid selection, plant population, and row spacing are variables that can have a significant impact on the net returns of sorghum producers. Though optimal plant densities for grain sorghum differ from region to region, previous research has indicated that grain yields generally increase as plant populations increase [1] [2] [3] . At lower than suggested plant densities, grain sorghum head number per plant or seed number per head increased when compared to the recommended plant density [4] [5] [6] [7] . In other crops, Grichar [8] reported variable results of the effects of different seeding rates in soybean (Glycine max L.). He reported that the effect of seeding rate on soybean yields varied from year to year depending on variety and rainfall received during the growing season. Brown et al. [9] showed a 34% yield increase in corn (Zea mays L.) grown on 51 cm rows compared with 102 cm rows. Fulton [10] reported that under conditions of adequate soil moisture, higher corn plant densities (54,360 plants/ha) produced greater yields than lower densities (39,540 plants/ha), and rows spaced at 50 cm produced higher yields than rows spaced 100 cm apart.
The row spacing in a crop can also impact crop yield potential [3, [11] [12] [13] . Staggenborg et al. [3] reported that crop row spacings of less than 76 cm would increase grain yield in areas with high yield potential with little risk of reduced yield in areas with lower yield potential. Grichar [14] reported that soybeans in a twin-row configuration yielded more than the single-row system 50% of the time. Reducing the distance between rows can also improve weed control by increasing crop competitiveness and reducing light transmittance to the soil [15] [16] [17] . Johnson et al. [18] reported that total weed densities were less when peanut (Arachis hypogaea L.) rows were spaced 30 cm apart compared with rows spaced 91 cm apart. Teasdale [19] showed that reduced row spacing and increased corn populations decreased weed growth in the absence of herbicides and shortened the time of canopy closure by one week.
Seedlings in close proximity to each other express phytochrome-mediated responses by developing narrow leaves, long stems, and less massive roots [20] . Planting a crop in a pattern that reduces the spacing of plants within and between rows can increase plant biomass and leaf area index [21] . Work by Bullock et al. [21] showed that reduced row spacing increased the total interception of photosynthetic active radiation by the corn canopy and redistributed the radiation toward the top of the canopy.
Major grain sorghum production regions in Texas include the upper Gulf Coast region which produces 8% of the Texas' sorghum crop [22] . This area normally has high rainfall which allows for consistently significant sorghum yields [22] . Seeding rates can vary from region to region across Texas, but typically under dry condition the seeding rate is 49,000 to 74,000 seed/ha while under irrigation or higher moisture conditions seeding rates can be as high as 272,000 seed/ha, depending on planting date [23] . Typically, seeding rates for producers along the upper Texas Gulf Coast vary from 124,000 to 247,000 seed/ha.
While the majority of grain sorghum is grown in rows with spacings ranging from 69 to 102 cm, some sorghum is planted broadcast [22] . The majority of producers in this region plant on 102 cm row spacings. With the wide variation in seeding rate and row spacing, many producers question whether there is an optimum plant density for grain sorghum grown under different row spacings and whether this can lead to higher profits. Another frequently asked question is whether or not a specific hybrid is better adapted to the narrow row environment than others. For these reasons, the objectives of this study were to determine (a) the effect of grain sorghum hybrid, (b) plant density, and (c) row spacing on grain sorghum yield and net returns.
Materials and Methods

Research Sites. The three-year (2001 to 2003) field study was conducted in Wharton County (29.12
• N, 96.37 • W) under conventional tillage system on the Richard Raun farm located near Louise, Texas. This field had previously been in rice (Oryza sativa L.) production for two years previous to grain sorghum production during the three-year period. The soils at this location were an Edna fine sandy loam (fine, smectitic, hyperthermic, Vertic Hapludalfs, 0.9% organic matter, pH 7.1). Each year the study was moved to different locations within the same field. 
Planting Dates and Plot
Data Collection.
Crop yield was determined by harvesting the four rows of the 51 cm plots, and the two rows of the 102 cm plots with a small plot combine, and crop weights were adjusted to 14% moisture. Seed costs and grain sorghum prices were calculated based on April, 2012 prices (L. Falconer, personal communication). Seed costs were calculated at $6.60/kg (imidacloprid treated) while grain sorghum price was based on $9.00/45.4 kg. Net value per hectare was calculated by taking the yield/hectare, dividing by 45.4, multiplying by $9.00 then subtracting seed costs ($6.00, 7.50, 9.00 for 148-160,000, 185-198,000, or 222-235,000 seed/ha, resp.). Herbicide costs were figured constant across all row spacings and plant populations.
Data Analysis.
Data were subjected to ANOVA and analyzed using PROC GLM with SAS (SAS Institute, Inc., Cary, NC) and a model statement appropriate for a factorial design with sorghum hybrid, seeding rate, and row spacing as random effects. Treatments means were separated by Fisher's protected least significant difference test at P = 0.05. Data for the three years were analyzed separately due to year by treatment interactions for yield and net value.
Results
3.1.
Rainfall. Rainfall amounts were variable for the three years (Table 1) . Rainfall in 2001 can be characterized as below average for April, June, and July with above average rainfall for May [23] . In 2002, below average rainfall was received for March, May, and June while July received an abnormal amount of rainfall due to a hurricane which passed close to the area. Rainfall in 2003 was below normal for all months 
Grain Sorghum Response to Hybrid, Row Spacing, and Plant Populations.
Since there was a grain sorghum hybrid by row spacing by plant population interaction for yield and net value in each year, data were not combined over years for statistical analysis. In 2001, DK 54 planted on 51 cm centers at 185 to 198,000 plants/ha produced the greatest yield ( Table 2 ). The DK 54 plantings on 51 cm centers at 148 to 160,000 or 222 to 235,000 plants/ha and the 102 cm center plantings at 185,000 plants/ha or greater produced yields that were not different from DK 54 on 51 cm centers planted at 185 to 198,000 plants/ha. For the A 571 plantings, only those planted on 51 cm centers at 185,000 plants/ha or greater produced yields that were not different from DK 54 planted on 51 cm centers at 185 to 198,000 plants/ha. When only A 571 plantings were compared, 51 cm center plantings at 185 to 198,000 plants/ha produced the greatest yield, and all 51 cm center plantings were not different; however, all 102 cm center plantings were less than the 51 cm centers plantings at 185 to 198,000 plants/ha.
In 2002, grain sorghum yields were similar for all hybrids, row spacings, and plant populations with the exception of the A 571 planted on 102 cm centers with a plant population of 148 to 160,000 plants/ha which produced less than 2000 kg/ha ( Table 2) . None of the other row spacings or plant populations produced less than 2849 kg/ha.
In 2003, DK 54 planted on 102 cm centers with a plant population of 148 to 160,000 plants/ha produced the greatest yield ( Table 2 ). All DK 54 plantings on 51 cm centers and A 571 planted on 51-and 102 cm centers at 148 to 160,000 plants/ha produced yields similar to DK 54 planted on 102 cm centers at 148 to 160,000 plants/ha. Grain sorghum yields were lower with all plantings with plant populations of 185,000 plant/ha or greater with the exception of DK 51 planted on 51 cm centers.
It has been reported that the yield response to narrow rows in corn and grain sorghum is affected by many environmental, spatial, and temporal field interactions [1-3, 10, 16] . It has also been suggested that a positive yield response to narrow rows is more likely to occur in the presence of environmental yield-limiting factors. Andrade et al. [17] reported that the narrow-row yield response was inversely proportional to the radiation interception achieved with wider rows. Under very favorable growing conditions, when radiation interception for wide rows was optimized, the yield response to narrowing the rows was minimized.
In 2001, the high rainfall for May (Table 1) boosted grain sorghum yield and resulted in higher yields from the narrow row plantings ( Table 2 ). The rainfall events during May were approximately 50 to 70 days after grain sorghum planting and this is the period when the reproductive structures of the panicle form and the maximum number of seeds per panicle is set [22] . During this period, grain sorghum plants are especially sensitive to water deficiencies which may reduce the potential seed numbers. This period is considered the most critical period for grain production since seed numbers per plant account for 70% of the grain yield [22] . In 2002, the high rainfall amount occurred too late to have an effect on sorghum yield, and no response to row spacing or plant populations was noted. In 2003, rainfall for the critical time period (May) was below normal, and this resulted in the greatest yield production with the widest row spacing at the lowest plant populations for DK 54.
Net Dollar Value per Hectare.
Results for net dollar value were very similar to that found for yield (Table 3 ). In 2001, DK 54 planted on 51 cm centers at 185 to 198,000 plants/ha 
Summary
In the year when rainfall fell at the most opportune time, the narrow row spacings yields were slightly higher than the wide row spacings. However, in years when rainfall came at inopportune times, yields were variable. Results for the different populations were mixed. The lower plant populations did not always produce the greater yields especially in dryer years. Also, hybrid response was variable. Based on these results for this region, narrow rows may slightly help improve yields and profits. However, more research is needed to determine optimum plant populations, and also other hybrids need to be evaluated to determine if they may respond differently to narrow row plantings.
Responses to narrow row spacing in grain sorghum have been varied and inconsistent. Conley et al. [2] reported that grain yield response to row spacing was variable and dependent on environment. Welch et al. [24] reported that in the presence of adequate nitrogen, production of grain and residue increased with increasing populations. They concluded that under dryland conditions, optimum populations for both grain and residue production were between 99,000 and 148,000 plants/ha and that at populations of 99,000 plant/ha grain and residue yields in 40 cm rows equaled or exceeded those in 102 cm rows. In contrast, Karchi and Rudich [25] in Israel reported that under dryland conditions, greater yields resulted from narrow rows combined with lower plant populations. They found that the greater grain yields were due primarily to increased number of heads per unit area rather than to changes in head weight. They also stated that heads per unit area and the number of kernels per head were largely free of environmental effects.
